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TO THE EDITOR
Constant exposure to solar UV irradia-
tion and environmental hazards pro-
duces free radicals in the skin (Darr and
Fridovich, 1994; Zastrow et al., 2004).
The human organism has developed a
protection system against the destruc-
tive action of free radicals, consisting
mostly of vitamins, carotenoids, and
enzymes (Stahl and Sies, 2003; Sander
et al., 2004; Darvin et al., 2006).
Approximately 70% of carotenoids in
human skin are b-carotene and lyco-
pene (Hata et al., 2000), which can
serve as markers for the whole antiox-
idative potential (Darvin et al., 2008).
Recently, Darvin et al. (2007) pre-
sented a laser spectroscopic method for
the noninvasive determination of car-
otenoids in human skin, based on
resonance Raman spectroscopy (RRS).
The authors suggested that IR irradia-
tion can give rise to the production of
free radicals in the skin, which they
measured by the degradation of the
cutaneous carotenoids b-carotene and
lycopene. Schroeder et al. (2008)
showed in an in vivo study that IRA
(760–1,440 nm) irradiation of the skin
can elicit a retrograde mitochondrial
signaling response that leads to the
expression of matrix metalloprotei-
nase-1. Given that expression of matrix
metalloproteinase-1 was initiated through
the generation of reactive oxygen spe-
cies, which originated from the mito-
chondrial electron transport chain, the
production of free radicals in the skin
subsequent to IR irradiation could be
expected.
This supposition can be confirmed
via direct detection of free radical
formation using electron paramagnetic
resonance (EPR) spectroscopy (Herrling
et al., 2003). Until recently—in contrast
to RRS measurements—EPR analysis
could be performed only in vitro.
In the present study, we investigated
whether IR irradiation, which is fre-
quently used in treatment and wellness
applications, could also reduce the
antioxidative potential of the skin and
whether this process is caused by the
production of free radicals.
The RRS used in this study is des-
cribed elsewhere (Darvin et al., 2005).
The box plot diagram in Figure 1 shows
the changes in concentrations of b-caro-
tene and lycopene measured on the
flexor forearm of 12 healthy volunteers
(three men and nine women, aged
25–35 years, with skin type II) before
and after IR irradiation (Philips, Hamburg,
Germany, Infrared RI 1521, 170 mW
cm2 for 30 minutes). The volunteers
had given informed consent, and per-
mission for the investigations had been
obtained from the Ethics Committee of
the Charite´. The study adhered to the
Declaration of Helsinki Principles.
Even the initial values show a broad
distribution; after irradiation of the skin
by IR light, a reduction in b-carotene
and lycopene concentrations was ob-
served for all volunteers. The mean
values for the absolute data for
b-carotene and lycopene before and
after irradiation are significantly differ-
ent, Po0.005, paired t-test (SPSS, Inc.,
Chicago, Illinois, 16.0 for Windows).
The average for the magnitude of des-
truction (changes relative to the initial
values) in all volunteers was determi-
ned to be 30±12% for b-carotene and
37±10% for lycopene. These results
are in agreement with previous inves-
tigations (Darvin et al., 2007). An
increase in skin temperature was
observed during irradiation, from
31.6±1.0 1C to 41.3±0.6 1C.
For the direct measurement of IR-
induced free radicals, EPR spectroscopy
was carried out using an L-band
EPR spectrometer (Magnettech, Berlin,
Germany) and spin marker 3-carboxy-
2,2,5,5-tetramethylpyrrolidine-1-oxyl
(PCA) (Sigma, Steinheim, Germany).
The radical-formation process was in-
vestigated on six pig ear skin samples.
The PCA marker was applied after tape
stripping as described by Meinke et al.
(2008). Skin samples were irradiated for
30 minutes with a power density of
115 mW cm2. During this time, the
skin temperature increased from room
temperature 23 1C to 41.5±0.5 1C. The
EPR signal of PCA was recorded every
10 minutes during IR irradiation, when
the tissue samples were cooled down to
room temperature, taking into consid-
eration the strong dependence between
the intensity of EPR signals and the
temperature of the investigative sam-
ples (Rockenbauer et al., 2006). In
Figure 2, the curves display the mean
EPR signal decay in the absence of (1)
and subsequent to (2) IR irradiation.
Without irradiation, the signal de-
creased to approximately 96±3%, but
with IR radiation, the IR-induced free
radicals reduced the nitroxide PCA to
its corresponding hydroxylamine, caus-
ing a decrease in EPR signal intensity of
up to 70±6%. All measured values
obtained after irradiation were found to
be significantly different from those in
the absence of irradiation, Po0.05,
paired t-test. The reduction in PCA is
directly correlated with the production
of free radicals in the investigated
samples (Ananthaswamy and Pierceall,
1990). This indicates that radicals were
formed during IR irradiation over time.
Taking into consideration the energy
of UV photons, it is understandable that
irradiation of the skin with UV light
leads to the formation of free radicals,
which can destroy the skin’s antiox-
idants if the dose is high enough (Stahl
and Sies, 2003; Zastrow et al., 2004).
However, this is not the case for IR
radiation. Because of the absorp-
tion properties of the carotenoids
(lo550 nm), their direct absorption
Abbreviations: EPR, electron paramagnetic resonance; IR, infrared; PCA, 3-carboxy-2,2,5,5-
tetramethylpyrrolidine-1-oxy1; RRS, resonance Raman spectroscopy; UV, ultraviolet
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of the IR irradiation and subsequent
destruction can be excluded. Similarly,
carotenoids are not subject to thermal
destruction because they are heat stable
at least up to a temperature of 501C
(Hurst et al., 2004).
Therefore, it is likely that enzymatic
processes in the skin are involved in the
energy transfer of IR light to molecules.
Such processes have been reported in
literature (Droege, 2002; Karu et al.,
2004; Zastrow et al., 2009). Further-
more, it has been reported that heat
shock–induced formation of reactive
oxygen species is promoted via en-
zymes and mitochondria (Shin et al.,
2008). Thus, the observed radical
formation could be due to the rise
in temperature during IR irradiation,
followed by enzymatic processes.
This would be in agreement with
the findings of Darvin et al. (2009)
when IR irradiators with different IR
spectra were used. A water-filtered IR
irradiator yielded a smaller temperature
increase and less carotenoid degrada-
tion in skin.
Summarizing the results, it has been
established that free radicals are pro-
duced during IR irradiation of human
skin. This effect was demonstrated
in vivo by RRS measurements and
confirmed by EPR spectroscopic inves-
tigations. It is likely that enzymatic
processes in the skin are involved,
possibly induced by the increase in
temperature.
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Figure 1. Box plot of the cutaneous concentration of b-carotene (left) and lycopene (right) before
and after IR irradiation, in all volunteers, with SDs. Diamonds—initial level before irradiation;
stars—after IR irradiation.
N
or
m
al
iz
ed
 E
PR
 in
te
ns
ity
1.0
0.9
0.8
0.7
0.6
Time of IR irradiation, minutes
0 10 20 30
2
1
Figure 2. Average decay of 3-carboxy-2,2,5,5-tetramethylpyrrolidine-1-oxyl (PCA) in porcine skin
biopsies (six samples) in the absence of (1) and during (2) IR irradiation. IR irradiation was performed on
the porcine skin surface for 30 minutes with a power density of 115 mW cm2.
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TO THE EDITOR
The relative contribution of erythroid,
dermal, and hepatic ferrochelatase
(FECH) genotype and enzyme defi-
ciency to dermal photosensitivity and
liver disease in erythropoietic protopor-
phyria (EPP) is not entirely elucidated.
A better understanding is critical when
treatment options are discussed.
A previous publication in the Journal
of Investigative Dermatology (Pawliuk
et al., 2005) highlighted these issues
and elicited subsequent contributions to
the discussion (Elder, 2005; Leboulche
and Mathews-Roth, 2005; Lim, 2005).
Pawliuk et al. (2005) transplanted bone
marrow from an EPP mouse model to
normal recipients. Despite elevated
protoporphyrin levels, the recipients
did not develop cutaneous photosensi-
tivity or liver disease. In a second
experiment, photosensitivity did not
develop in skin transplanted from nor-
mal mice to EPP mice. The authors
suggested that elevated protoporphyrin
levels alone are insufficient to generate
photosensitivity or liver disease in EPP,
and that restoration of dermal FECH
activity should potentially minimize
photosensitivity.
The conclusions drawn from the
mouse model do not seem to apply to
human EPP. The accumulated experience
from different clinical situations, including
organ transplantation in humans, points to
differences between EPP in mice and
humans, and may enable some prelimin-
ary conclusions to be drawn.
In mice, an elevated protoporphyrin
level after transplanting EPP marrow
into healthy mice is insufficient to
generate photosensitivity (Pawliuk
et al., 2005) and does not cause liver
disease (Fontanellas et al., 2000). A
corresponding human situation would
be adult onset EPP caused by acquired
somatic FECH mutations associated
with myelodysplastic syndrome. Sev-
eral reports (Sassa et al., 2002) have
described cases with elevated proto-
porphyrin levels, severe photosensitiv-
ity, and even protoporphyric liver
disease (Goodwin et al., 2006) despite
normal genotype and FECH activity
outside the marrow.
The experiment with transplantation
of normal skin to EPP mice suggested
that restoration of dermal FECH activity
could prevent photosensitivity. This
cannot be refuted by referring to ex-
perience in human EPP. Two other
examples might be considered corre-
sponding human situations, in which
dermal cells with normal FECH geno-
type have to handle excess protopor-
phyrin. In photodynamic therapy, proto
porphyrin is accumulated after topical
administration of aminolevulinic acid
despite normal FECH activity (Krammer
and Plaetzer, 2008). The subsequent
local photosensitivity forms the basis for
photodynamic therapy. In the recently
described new form of porphyria,
x-linked dominant protoporphyria
(Whatley et al., 2008), protoporphyrin
accumulates as ferrochelatase cannot
keep up with an increased protoporphyrin
load despite normal FECH activity.
Whether cellular protoporphyrin levels in
these different situations are comparable
has never been studied. It still seems
unlikely that mere restoration of dermal
FECH activity would suffice to prevent
photosensitivity in EPP if the protopor-
phyrin load remains high.
The fact that hematopoietic stem cell
transplantation (HSCT) does not entirely
normalize circulating protoporphyrin
levels or reverse liver damage in mice
(Fontanellas et al., 2000), indicate that
the mouse model has a larger propor-
tion of circulating protoporphyrin of
non-erythroid origin, although strains
may be heterogeneous (Abitbol et al.,
2005). Among the few human cases
that have been treated by HSCT,
porphyrin levels were completely nor-
malized, which cured photosensitivity
and prevented recurrence of liver
Abbreviations: EPP, erythropoietic protoporphyria; FECH, ferrochelatase; HSCT, hematopoietic stem cell
transplantation
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